The mutant strains of Salmonella durban that possessed 0 antigen 2,12 of group A Salmonella were defective in the cytidine diphosphate paratose-2-epimerase activity. The enzyme preparation of the mutant strains catalyzed the conversion of cytidine diphosphate glucose into cytidine diphosphate paratose but not into cytidine diphosphate tyvelose. The defect in the epimerase activity was also confirmed by the use of purified cytidine diphosphate paratose as a substrate. The specificity of dideoxyhexosyl transferase catalyzing the formation of the group-specific determinant is discussed.
The mutant strains of Salmonella durban that possessed 0 antigen 2,12 of group A Salmonella were defective in the cytidine diphosphate paratose-2-epimerase activity. The enzyme preparation of the mutant strains catalyzed the conversion of cytidine diphosphate glucose into cytidine diphosphate paratose but not into cytidine diphosphate tyvelose. The defect in the epimerase activity was also confirmed by the use of purified cytidine diphosphate paratose as a substrate. The specificity of dideoxyhexosyl transferase catalyzing the formation of the group-specific determinant is discussed.
In the preceding paper (23) the mutant strains of Salmonella durban, a group D, Salmonella, were described, which possessed the somatic (0) antigen similar to that of group A organisms. The specific 0 antigen factors of groups A and D, Salmonella, i.e., 0-2 and 0-9 factors, are related to paratose (3, 6 -dideoxy-Dglucose) and tyvelose (3, 6 -dideoxy-D-mannose), respectively. In addition, another dideoxyhexose, abequose (3,6-dideoxy-D-galactose), is known to be related to the 0-4 antigen factor specific to group B. These dideoxyhexoses are attached to the 0-polysaccharide portion of cell wall lipopolysaccharide, and the structure of the main-chain polysaccharide of groups A, B, and D, was found to be identical (9) . In the formation of 0 antigens, the dideoxyhexoses are transferred from cytidine diphosphate (CDP) compounds to 0-polysaccharide intermediates (20, 24) . The biosynthesis of CDP-dideoxyhexoses has been studied by Elbein (4) , Nikaido and Nikaido (19) , and Matsuhashi et al. (12) (13) (14) (15) (16) . Briefly, all the cytidine nucleotide sugars are formed from CDP-glucose; CDPparatose and CDP-abequose are formed via CDP-4-keto-3, 6-dideoxy-D-glucose; and CDPtyvelose is formed through 2-epimerization of CDP-paratose by CDP-paratose-2-epimerase. These terminal reactions of the biosynthetic pathway may, therefore, reflect the specificity of the 0 antigens. This paper reports the absence of CDP-paratose-2-epimerase activity in the mutant organisms.
MATERIALS AND METHODS Bacterial strains. S. durban (0 antigen 9,12) and its 0 antigen mutant strains (255, 441, and 469) were used: the serological characteristics were described in the preceding paper (23) . Briefly, all the mutant strains possessed 0-2 factor. Strain 255 showed atypical agglutination both in 0-4 and 0-9 antisera; strain 441 also showed atypical agglutination in 0-9 antiserum, but strain 469 was agglutinated by neither 0-4 nor 0-9 antiserum. S. paratyphi A var. durazzo (0 antigen 2, 12) was also used.
Authentic dideoxyhexoses. Isolation and paper chromatographic mobility of paratose, abequose, and tyvelose were described in the preceding paper (23 Cell extracts. Cells were harvested at a late logarithmic phase of growth and washed. One gram of' wet, packed cells was suspended in 5 ml of 0.01 M Tris-hydrochloride buf'fer (pH 7.8) containing 7 mM 2-mercaptoethanol. The cells were disrupted for 7 min in a sonic oscillator and subjected to a differential centrif'ugation. The supernatant fluid af'ter centrit'ugation at 12,800 x g or 105,000 x g for 1 h was used for the assay of CDP-dideoxyhexose synthesis. The fraction sedimented between 1,200 x g and 12,800 x g (30 min) was used as a particulate fraction. Protein of' enzyme preparations was measured by the method ot' Lowry et al. (10) .
Assay for the formation of CDP-dideoxyhexose. The assay for CDP-dideoxyhexose formation essentially followed the method described previously (4, 14, 19) . The composition of the reaction mixture was the same as that for preparation of' CDP-paratose and CDP-tyvelose described above, except that quantities of' the reagents were scaled down to a total volume of' 0.2 ml and unlabeled CDP-glucose was replaced by 7.7 nmol (3.84 x 104 counts/min) of' CDP-
[14C]glucose. The reaction mixture contained 1.8 to 2.4 mg of cell extracts from the 12,800 x g or 105,000 x g supernatant fraction. After incubation for 2.5 h at 37 C, 1 N hydrochloric acid was added to the mixtures to bring the pH to 1.0. The mixtures were heated for 5 min in a boiling-water bath, and the insoluble material was removed by centrif'ugation. The hydrolysates were deionized by being passed through small columns filled with a mixture of Dowex-1 (HCO,-) and Dowex-50 (H+), lyophilized, and subjected to paper chromatography in water-saturated 2-butanone. The filter paper was dried, and the radioactivity was located on the chromatogram by the use of an Alcoa 4-pi chromatogram scanner. Each of radioactive dideoxyhexose areas was cut in half' (faster-and slowermigrating parts), eluted separately with acetone, and rechromatographea. The radioactive areas on the chromatogram were cut in pieces and counted in a Beckman LS-250 liquid scintillation spectrometer with a toluene scintillator (4 g of 2, 5-diphenyloxazole per liter of toluene). The radioactivities were plotted and the mobility of radioactive sugars was measured.
Direct detection of' CDP-dideoxyhexoses was performed as tollows. The reaction mixture described above (CDP-[ l4C ]glucose, 1 .07 x 105 counts/min) was incubated for 2.5 h at 37 C with the 105,000 x g supernatant f'raction of extracts, and applied directly to Whatman no. 3 MM paper with CDP as a marker. Descending paper chromatography was carried out in isobutyric acid-1 N ammonia (1:0.6, vol/vol) for 22 h at room temperature. The f'ilter paper was dried and cut in strips of 5-mm width for counting the radioactivities. The radioactivities were plotted, and the areas of' CDP-paratose and CDP-tyvelose were marked by referring to the RCD' , values of 1.23 and 1.09, respectively.
Assay for the activity of CDP-paratose-2-epimerase. The assay for CDP-paratose-2-epimerase activity was performed essentially as described by Matsuhashi (12) . The 105,000 x g supernatant fraction of extracts was used for the assay of' the enzyme activity. The reaction mixture contained, in a total Amol; Tris-hydrochloride buffer (pH 7.8), 5 .32 gmol; and particulate fraction, 120 Ag. After 45 min of incubation at 25 C, the reaction was terminated by addition of an equal volume of 10% trichloroacetic acid at 0C. The mixture was filtered through-a membrane filter (Sartorius MF-50) and washed with 15 ml of 5% cold trichloroacetic acid followed by 15 ml of cold water. The membrane was dried, and the radioactivity was determined in a liquid scintillation spectrometer.
RESULTS

Activity of CDP-dideoxyhexose formation.
Since the mutant organisms possessed the 0-2 antigen factor specific to group A but lost the 0-9 factor of parent organisms, it is conceivable that the mutants are unable to synthesize CDP-tyvelose. To confirm this possibility, CDP-[14C]glucose was incubated with cell extracts in the presence of NAD and NADPHgenerating system, and the formation of dideoxyhexoses was examined. The product in the incubation mixture was acid-hydrolyzed and subjected to paper chromatography in watersaturated 2-butanone. The mutant cells converted CDP-glucose into CDP-paratose but not into CDP-tyvelose, which was shown by detection of a single dideoxyhexose migrating with a mobility of authentic paratose (Table 1) . Since the areas of paratose and tyvelose on the chromatogram partly overlapped each other, the faster-and slower-moving parts of the radioactive area were rechromatographed; both parts yielded a substance with the Rrhamnose value of paratose.
The absence of the formation of CDP-tyvelose by extracts of mutant cells was demonstrated directly. The reaction products were applied to the filter paper without acid hydrolysis, and chromatographed in isobutyric acid-ammonia. No CDP-tyvelose was found when the extract of mutant cells was examined (Fig. 1) . Since a significant amount of CDP-paratose was formed by the extracts, it is likely that the mutant strains were devoid of activity in converting CDP-paratose into CDP-tyvelose.
Lack of CDP-paratose-2-epimerase activ- Paper chromatography was carried out as described in Materials and Methods. Radioactive products in each peak were determined by referring to the RCDP values shown in reference 14. Products in peaks C and D were analyzed further in a separate experiment, in which each product was acid-hydrolyzed and chromatographed in water-saturated 2-butanone, giving a single peak with the mobility of tyvelose and paratose, respectively. Peak A, unknown; peak B, CDP-4-keto-6-deoxy-D-glucose, with a shoulder corresponding to the position of CDP-glucose; peak C, CDPtyvelose; peak D, CDP-paratose; peak E, paratosephosphate (see reference 12); peak F, CDP-4-keto-3, 6-dideoxy-D-glucose (see Reference 16) . The position of the marker CDP is shown on the abscissa.
No CDP-tyvelose was formed, although a slight tailing of the radioactivity towards the CDPtyvelose area was observed on the chromatogram (Fig. 2) .
Incorporation of the radioactivity from CDP-[14C]paratose into the particulate fraction. As mentioned above, the mutant cells possessed the ability to form CDP-paratose but were deficient in the CDP-paratose-2-epimerase activity. Since the lipopolysaccharide of' mutant cells contained paratose (23) (20) . In. group D1 organisms, therefore, a specific enzyme may be involved in catalyzing the transfer of tyvelose. If the tyvelosyl transferase has an affinity for CDP-paratose, it is possible that the same enzyme is capable of transferring paratose in the mutants and, thus, in group A organisms. The experimental results suggested this to be the case. Therefore, it seems likely that the transferase has an affinity both for CDP-paratose and CDP-tyvelose. Since the group D1 lipopolysaccharide contains only tyvelose, it is of interest to determine why tyvelose is selectively transferred. The following possibilities can be considered. First, the enzyme possesses much higher affinity for CDP-tyvelose than for CDP-paratose. Second, a feedback control at the level of CDP-glucose pyrophosphorylase operates the regulation of the CDP-paratose concentration. The enzyme represents the first step in the metabolism of glucose-i-phosphate which is unique to the synthesis of CDP-dideoxyhexoses. The pyrophosphorylase of groups A and B Salmonella is known to be inhibited by CDP-dideoxyhexoses (17, 19) . Whatever mechanism is involved in the restricted transfer of tyvelose, the dideoxyhexosyl transferase in group D, organisms seems to have a broad affinity. This may suggest that a mutation at the epimerase gene is enough to give rise to a mutant carrying the 0-2 factor instead of the 0-9. MakelL (11) and Johnson et al. (6, 7) reported that the genetic determinants of 0-2, -4, and -9 occupy the same 0 locus and seem to be allelic. The 0 locus or the rfb gene cluster contains information needed for the synthesis of the 0-polysaccharide repeating units (22) . The rfb region of group Dl Salmonella may contain the epimerase gene.
